Abstract -Replacing aquaculture feeds based on fisheries-derived resources with plant-based diets could be a relevant strategy to improve the sustainability of aquaculture. Recent studies on sea bass have shown that the total and early replacement of marine products by plant products would have a moderate effect on fish growth and body lipid content. Whether a plant-based diet impacts behavioural and physiological traits possibly linked to fish welfare, is not known, however. Here, we studied the effect of a totally plant-based diet introduced at an early stage of sea bass development on self-feeding behaviour, learning ability in a T-maze and stress biomarkers. We first compared learning processes in selffeeding conditions, between naive fish fed a plant-based diet (PBF) and fish fed a classic marine diet (MF). Then, we tested fish individually in a T-maze to compare the two feed groups for swimming activity, exploration and the ability to learn to discriminate between two two-dimensional objects associated with a reward. Blood physiological variables, including stress indicators (cortisol and glucose concentrations), were also determined. We did not find any indications of differences in self-feeding behaviour between PBF and MF in the first 30 days. A second experiment showed similar swimming activities in both fish categories. The "no-choice" percentage was high in both fish categories (∼60%), but all the fish moved preferentially toward the reward. Their first turns indicated an ability to discriminate between two two-dimensional objects to complete a simple task. However, the high percentage of "no-choice" responses in both fish categories could have rendered the results non significant. The T-maze test procedure induced the production of high concentrations of cortisol, indicating acute stress in fish of both groups during testing. Plasma cortisol concentration was higher in MF than PBF, suggesting that the plant-based diet may affect the short-term release of cortisol. This study provides the first insight into the impact of a plant-based diet on sea bass behavioural traits, and confirms the effect of this diet on cortisol release in response to stress. Overall, in this first experiment, we did not find any major impact of a plant-based diet on sea bass behavioural traits, which is an interesting point for the development potential of such a sustainable aquaculture strategy.
Introduction
Aquaculture is currently the fastest growing sector of animal production for food (FAO 2008 , State of World Aquaculture), but it faces major challenges relating to the responsible development of farming activities. The sustainability of aquaculture depends largely on decreasing the current reliance on feeds based on ingredients derived from wild fishery resources. Increases in the prices of fish meal and fish oil could undermine the profitability of many aquaculture enterprises (Tacon 1998) . This need has led to new lines of research a Corresponding author: david.benhaim@cnam.fr aiming to develop substitutes for these feed ingredients. Several studies have shown that, at least in salmonids, it is possible to replace fish oil entirely with plant oil without affecting growth or feed conversion rates (Reinitz and Yu 1981; Hardy et al. 1987; Thomassen and Rosjo 1989; Greene and Selivonchick 1990; Guillou et al. 1995) . Similar results were obtained for the total replacement of fish meal with plant proteins (Watanabe et al. 1998; Kaushik et al. 2004 ). In the European sea bass (Dicentrarchus labrax), 50 to 98% of the fish meal in the diet can be replaced with plant protein sources, with the maintenance of fish growth at rates similar to those observed when fish oil is used as the source of lipids (Kaushik et al. 2004 ; Dias et al. 2009 ), although the total replacement Article published by EDP Sciences 122 D. Benhaïm et al.: Aquat. Living Resour. 26, 121-131 (2013) of fish meal with single plant protein sources has been shown to lead to slower growth in some cases (Dias et al. 2009 ). The replacement of 60% of the fish oil in the diet with plant oil has been shown to have no negative impact on the survival, growth or health of European sea bass Figueiredo-Silva et al. 2005; Mourente et al. 2005) , but higher levels of substitution (80%) resulted in poorer growth performances (Mourente et al. 2005) .
A totally plant-based diet may also affect traits other than growth performance. Such substitution has been shown to modify muscle fatty acid composition (Thomassen and Rosjo 1989; Greene and Selivonchick 1990; Arzel et al. 1994) . The inclusion of plant oil in fish feed can lead to changes in the fatty acid profile, with a decrease in the level of longchain polyunsaturated fatty acids (LC-PUFA), particularly eicosapentaenoic acid (EPA) Montero et al. 2005) . In some cases, such changes may have a significant effect on the quality and sensory characteristics of fish fillets (Guillou et al. 1995; Martínez-Llorens et al. 2007) , and effects on active odour compounds are also possible (Serot et al. 2001; Serot et al. 2002) . Finally, the inclusion of linseed oil in the diet, replacing between 60% and 100% of the anchovy oil present in the original diet, increases plasma cortisol concentrations in sea bream (Sparus aurata) exposed to acute confinement stress Ganga et al. 2011) .
Investigation of the potential of plant oil for use as the sole lipid source in feed for marine fish has been limited up to now because the conversion of plasma linolenic acids into essential fatty acids arachidonic acid, eicosapentaenoic (EPA) and docosahexaenoic acid (DHA) is inefficient in these species (Sargent et al. 2002) . However, a recent study showed a genotype-diet interaction effect on the growth of European sea bass that had been fed diets based on plant-based products alone, suggesting that extreme changes in diet and the use of plant-based products may have an impact on genetic improvement with respect to growth (Le Boucher et al. 2011) .
It is not known, however, whether a plant-based diet impacts behavioural and physiological traits possibly linked to fish welfare A major challenge is that certain essential fatty acids, such as the DHA, only exist in the marine feed. A number of studies indicate that this fatty acid could be important for behavioural development. A plant-based diet reduced the swimming activity of seabream larvae (Benítez-Santana et al. 2007 ) and the development of schooling behaviour and brain development of yellowtail (Seriola quinqueradiata). For small mammals, such as rat (Rattus norvegicus), the lack of DHA reduced learning and memory capacity (Moriguchi et al. 2000; Lim et al. 2005) , while mice (Mus musculus) became more anxious (Owada et al. 2006) .
The aim of this exploratory study was to assess potential effects on sea bass behaviour of a totally PB diet initiated early in development. This study forms part of a larger research program investigating the heritability of growth performance in sea bass fed a totally PB diet and other aspects, such as the biochemical composition of tissues and physiology (e.g., osmoregulatory capacity).
We carried out two different experiments. In the first, we compared the learning process in self-feeding conditions between fish fed a totally plant-based diet (PBF) and fish fed a classic marine diet (MF). This species has been shown to be highly plastic and to have a considerable ability to learn to press a lever to receive a food reward (Anthouard et al. 1993; Covès et al. 1998; Covès et al. 2006; Millot et al. 2008) . In this experiment, we focused on the first 30 days, as self-feeding activity reaches satisfactory levels within 22 days in this species (Sánchez-Vázquez et al. 1994) .
In the second experiment, we compared some aspects of behaviour and cognition of fish (PBF vs. MF) tested individually in a T-maze. Fish are known to display a rich array of sophisticated behaviours, and several studies have shown that they have long-term memories and that learning plays a crucial role in their behavioural development (Brown et al. 2007) .
In this study, we particularly focused on swimming activity, exploration and the ability to learn to discriminate between two two-dimensional objects, one associated with a reward (by visual contact with an unfamiliar congener, see Benhaïm et al. 2013 for further details) and the other with no reward. Finally, we also analysed various plasma physiological parameters, including the concentrations of stress biomarkers.
Materials and methods

Fish
The fish used here were hatched and grown at the Ifremer aquaculture station (Palavas-les-Flots, France). They were produced from wild-caught West Mediterranean European sea bass broodstock. A full factorial mating design was used to generate 225 families from nine dams and 25 sires. All fish were reared in the same tank, from the egg stage to almost three months old (2.5 g). The fish were fed Artemia for the first 40 days, and were then weaned onto classic marine-based artificial feed until they reached 2.5 g. From this stage, 3000 individuals were fed an entirely plant-based (PB) diet -and 3000 were fed a classic marine (M) diet (Table 1) . When the fish reached a mean body weight of 20 g, they were tagged with passive integrated transponder PIT tag (EG-Id, Ulm, Germany) and assigned to three classes on the basis of growth performance (low, medium and high growth rates). At the end of the feeding period, 300 individuals from the medium growth-rate class in each diet category (where all families were equally represented) were transferred to the Ifremer experimental station at L'Houmeau (France) for behavioural and physiological characterization.
Experiment 1: self-feeding behaviour in PBF vs. MF
Immediately after their arrival at L'Houmeau, MF were randomly distributed among three tanks (50 fish per tank, tanks 1, 2 and 3), and PBF among three other tanks (60 fish per tank, tanks 4, 5 and 6) held in a single experimental room, described below. The number of fish studied was determined so as to take into account the difference in the weight of MF and PBF at the beginning of the experiment (mean±SD, 147±31 g and 93 ± 29 g, respectively). The remainder of the fish were kept in other tanks for use in experiment 2. Experiment 1 was thus carried out in six 400-L tanks supplied with filtered seawater in a recirculating system (flow rate: 4 m 3 h −1 in each tank, and water renewal: 10% per day). Mean water temperature, oxygen concentration and salinity were measured throughout the experiment, which gave the following values: 21.2 ± 0.8
• C, 7.6 ± 1.4 mg L −1 , and 23.2 ± 1.4 g L −1 , respectively. Black curtains were drawn around the tanks to limit visual disturbance, and each tank was lit by a single 120 W lamp positioned about 90 cm above the surface of the water. The light was switched on for 16 h and off for 8 h of each 24-h cycle (light switched on at 06:00 U.T. + 1), with twilight transition periods of 30 min. The fish were fed pellets, the composition of which is given in Table 1. The two diets had similar protein (digestible protein: 43% of dry matter), lipid (fat: 13% of dry matter) and energy (17 MJ kg −1 ) contents. As the MF were larger than the PBF, we used pellets of different sizes for the two categories (6 mm for MF and 2.5 for PBF; see Le Boucher et al. 2011 for further details) for further details). Each tank was equipped with a self-feeder. The feeders were operated by a device consisting of a screenedtype sensor (a metal rod protected by a PVC cylinder surrounded by the PIT tag detection antenna, Covès et al. 2006 ) and a control box. Correct triggering of the device resulted in the fish being rewarded with pellets. The feed dispensers were regulated to distribute 0.7 g kg −1 for MF and 0.4 g kg −1 for PBF at each trigger actuation. The reward level constituted a compromise between minimising wastage and optimising feed allocation to the group. This set-up made it possible to monitor the apparent feed consumption (food quantity dispensed minus waste at the bottom of the tank and in the sediment trap) of each group (i.e., tank). Device triggering activity was monitored continuously over 30 days, and was only stopped for 48 h due to a technical problem. During this time (D16 and D17), there were no recordings and the fish fasted.
Before the 30-day experiment itself, the fish were subjected to a 10-day acclimation period, in which they were fed one daily meal by hand until apparent satiation. They were then transferred to the self-feeding conditions on day 1 (D1) of the experiment. Under these conditions, the fish had continuous access to food (24 h per day), even during tank cleaning and waste counting, from 10:00 to 11:00 (U.T. + 1). The experiment lasted 30 days in total, and fish were weighed and measured (after anaesthesia with 40 ppm clove oil) at the start (D1) and end (D31).
Growth performance and feeding behaviour were assessed by evaluating the following variables:
• Total body length (BL, cm);
• Specific growth rate (SGR, % increase in body weight per day): SGR = 100 (Ln BWf -Ln BWi)/t; where BWf and BWi are the final and initial body weights (BW, g), respectively, and t is the time interval (number of days);
At the end of experiment (D31), all the fish were killed and their sex determined.
Experiment 2: behaviour of MF and PBF in a T-maze
Fish from the residual stock fed the M and PB diets were first anaesthetized with 40 ppm clove oil, and 10 individuals from each category were selected two days before the observation period. Mean total length was 22.7 ± 0.9 cm for the MF and 22.0 ± 1.4 cm for the PBF; mean weight was 91 ± 4.2 g for the MF and 73.5 ± 0.7 g for the PBF. All PIT tag numbers were noted for each individual before transfer into one of two 400-L tanks. A stock of sea bass of similar size from another population and located in another tank (fish with which the tested individuals were not familiar) was used as the reward in the experiment, as sea bass are attracted to the presence of a congener. All these fish were fed one daily meal by hand until apparent satiation.
Fish were individually tested in a T-maze constructed from opaque white expanded PVC and transparent Plexiglas (Fig. 1A) . The start box was a 30 × 40 cm rectangle separated from the rest of the T-maze by a removable transparent Plexiglas wall. At the end of each arm of the T-maze, an aquarium (60 × 26 cm, 60 L), continually aerated by a pump, was placed against a fixed transparent Plexiglas wall. This Plexiglas wall was located 2.6 cm beyond an extension of the line of the start box wall, to ensure that the tested fish could not see the reward before they turned to the left or the right in the T-maze. Four white plastic supports were used to display two different laminated printouts of two-dimensional objects to the left or the right of the fish (Fig. 1B) . Both objects (equal black and white areas) had already been successfully tested in a previous experiment (Siebeck et al. 2009 ). Shortly before the observations, the T-maze was filled with water to a level maintained at 20 cm, corresponding to a total volume of 267 L. Temperature, salinity and oxygen level were checked before and after each observation for each fish and the mean values obtained were 21.0 ± 0.5
• C, 7.7 ± 1.5 mg L −1 , and 23.0 ± 1.1 g L −1 , respectively, before the observation and 21.0 ± 0.4
• C, 7.6 ± 1.4 mg L −1 , and 23.0 ± 1.2 g L −1 , respectively, after the observation. A digital video camera (Imaging Source DMK 21AUO4) with a frame rate of 25 Hz and a resolution of 640 × 480 pixels was positioned 220 cm above the water surface. Three 80 W spot lights were placed around the T-maze to provide indirect, uniform lighting throughout it.
Before observation, one of the two-dimensional objects was randomly associated with the reward for each individual. The supports displaying the two-dimensional objects were also randomly positioned on the left or right arm of the T-maze, for each individual and each trial. The reward (an unfamiliar fish) was positioned to the left or right, as a function of the position of the associated two-dimensional object for the tested individual. Fish may choose to move towards an unfamiliar fish rather than a familiar fish for several reasons. First, two unfamiliar sea bass separated by a transparent barrier allowing visual contact only tend to spend most of their time in the zone nearest to the transparent barrier (Di-Poï 2008; Benhaïm et al. 2013) . Second, the presence of a purely visual stimulus in this case seemed to have an effect on fish behaviour different from that of a chemical stimulus or a multimodal combination of both visual and chemical stimuli, resulting in the fish showing a greater interest in the presence of the congener on the other side of the transparent wall (Di-Poï 2008). The only constraint on the randomisation process was that the stimulus was not allowed to appear in the same position in more than two consecutive tests. The objects used were the most salient and detectable visual cues in the T-maze environment. The fish to be tested was gently collected from its tank, using a net, and transferred immediately to a covered bucket. It was then placed in the T-maze start box. The fish was allowed to acclimate to its surroundings for five minutes, after which the transparent wall was removed and video recording begun. The T-maze was filmed for 10 min. The individual was then returned to the start box (pushing it gently with a net) and tested again after another five-minute acclimation period. In total, each individual underwent three consecutive tests per day with this procedure, repeated on five consecutive days. At the end of the three consecutive trials on a given day, the individuals were returned to their tanks. It took 14 days to test all the individuals. The water was entirely replaced at the end of each day and the unfamiliar fish used as the reward were replaced hourly, to minimise any stress they suffered due to confinement and handling.
Video analysis
The video recordings were analysed with EthoVision XT software (Noldus, The Netherlands), with which we defined six virtual zones in the T-maze (Fig. 1C) and tracked fish swimming behaviour.
We also analysed two learning criteria for each video: direction of the first turn of the fish (left or right) leading to the reward zone (success) or the other zone (failure), and the time taken to reach the reward zone or the other zone.
Swimming behaviour
We used several variables to analyse fish exploration and swimming behaviours:
• The time spent in each zone (in s): start box (Start), median area (Median), reward zone near the congener (ZCong), zone opposite to the reward zone (OpCong), zone located between Median and ZCong (PreCong) zones, zone located between the Median and OpCong (PreOpcong) zones.
• Absolute angular velocity of the fish, expressed in degrees per second (Vang, • s −1 ) was calculated with the software as follows:
Vang n = RTA n /t n − t n−1 , where RTA n is the relative turn angle for sample n and t n − t n−1 is the time difference between the current and the previous sample. The rate of change in direction is unsigned. The turn angle is calculated as the difference between two subsequent values for head direction. This variable serves as an indicator of the amount of turning per unit time and quantifies the complexity of the swimming path.
• The distance travelled by each fish in the T-maze (Dtot, mm).
• Mean velocity, expressed in body length per second (Vel, BL s −1 ).
The last three of these variables was used to quantify the swimming activity of the fish in the T-maze.
Fish learning process
Several variables were used to assess the fish learning process:
• Number of successful and unsuccessful turning outcomes.
We took only the very first turn made by the fish in a trial into account to determine success/failure. So, the maximum possible score is 14 successful turns (not 15, because the first turn in the first trial cannot be counted as a success because it was not a learned choice) if the fish eventually went to the reward zone in the first trial, even if this was not after its first turning choice. Similarly, if the fish then went to the reward zone in the second trial, the maximum possible score would be 13, and so on.
• The time taken to reach ZCong or OpCong (in second).
Blood plasma analysis
We compared physiological blood responses between MF and PBF by subjecting all individuals to an additional trial, performed as described above (experiment 2) but without filming. At the end of the trial, each fish was immediately anaesthetised with 40 ppm clove oil, and a blood sample (about 1 ml) was collected from the caudal vessel with a 1-ml heparin-containing syringe (in less than 2 min). A small aliquot of the blood sample was analysed immediately with an i-Stat r Portable Clinical Analyser (Abbott; CG8+ cartridges; Heska Corporation, Fort Collins CO, USA, Harrenstien et al. 2005) .
We analysed the following parameters: The remainder of the blood sample was centrifuged at 3000 ×g for 20 min at 4
• C, and plasma samples were frozen and stored at -80
• C until cortisol determinations, which were performed in duplicate for each individual. Cortisol (ng ml −1 ) determinations were carried out by means of a 3H cortisol radioimmunoassay, as described by Auperin et al. (1997) .
Fish were finally killed by cervical section and their sex was determined.
Statistical analysis
All variables were compared between groups by analysis of variance (ANOVA), once the assumptions of normality and homoscedasticity had been confirmed (Dagnélie 1975) . Significant ANOVA were followed by a post-hoc multiple comparison test (Newman-Keuls). All statistical analyses were carried out with Statistica 8 (Statsoft, USA) and p < 0.05 was considered significant in all tests. Unless otherwise specified, results were expressed as average ± standard error of the mean (SEM).
Experiment 1
Mean specific growth rate (SGR) was compared between the two categories of fish by ANOVA, with the treatment (PB vs. M diets) as a fixed factor and the tank as a random factor nested within treatment.
Feed demand and food wastage means were compared by ANOVA, with the treatment (PB vs. M diets) and period (2 periods of 15 days) as fixed factors and the tank as a random factor nested within treatment.
A χ 2 -test was used to compare the sex ratios for the two treatments.
Experiment 2
All variables related to swimming activity were compared by repeated measures analysis of variance, with treatment (PB vs. M diets) as a between-subject factor and trial (15 trials) as a within-subject factor.
For fish spatial distribution (time spent in each zone), since zones were not independent, a repeated measures analysis of variance was performed, with treatment (PB vs. M diets) as a between-subject factor and trial as a within-subject factor (15 trials) for each of the three following zones: ZCong, OpCong, Start. Then a null model of space use was tested: the fish spatial distribution was compared with a theoretical homogeneous distribution among ZCong, OpCong and Start (13% in each zone) by a Kolmogorov-Smirnov test. The surfaces of other zones (Median, PreCong and PreOpcong) represented 63%.
A binomial test with a 5% level of significance was used to evaluate the proportions of successful/failed turns and preference for turn direction within each treatment.
All variables related to swimming activity were compared by repeated measures analysis of variance, with treatment (PB vs. M diets) as a between-subject factor and trial (15 trials) as a within-subject factor. The times taken to reach the reward zone were logtransformed and repeated measures analysis of variance was carried out, with treatment (PB vs. M diets) as a betweensubject factor and trial (15 trials) as a within-subject factor.
For physiological blood parameters and cortisol concentrations, data were first log-transformed, then ANOVA was carried out with treatment (PB vs. M diets) considered as an independent variable.
Results
Experiment 1
During the experiment, the mortality rate was 3.3 ± 4.2% for MF and 8.3 ± 5.0% for PBF, but this difference was not statistically significant (N = 3, Z = −1.5, p = 0.13). On average, MF biomass per tank was (mean ± SD) 7328 ± 18 g at the beginning of the experiment and 7058±462 g at the end; for PBF, biomass was 5591 ± 96 g at the beginning of the experiment and 4943 ± 181 g at the end.
SGR did not differ significantly between treatments, but there was a significant tank(treatment) effect (F (4,304) = 13.9, p < 0.001), with one tank of PB fish (Tank 6) having a lower SGR than all the other tanks and one MF tank (Tank 2) having a higher SGR than all the other tanks (p < 0.001 in all pairwise comparisons). Most of the fish in all but one of the tanks (Tank 2, 29%) had a negative SGR at the end of the period. We found that 61 and 74% of fish had a negative SGR in Tanks 1 and 3 (MF) and that 71%, 73% and 95% of fish in the three PBF tanks had a negative SGR.
Feed demand was similar in PBF and MF (Fig. 2) . No tank(treatment) or treatment effects were observed, but there was a highly significant period effect (F (1,160) = 27.0, p < 0.001), with a higher FD in the second period than in the first (6.3 ± 0.4 and 2.3 ± 0.2 g kg −1 , respectively). No waste (FW) was observed in any of the tanks at any point in the experiment. The difference in sex ratio between the treatments was not significant (87 ± 2% male for MF and 82 ± 3% male for PBF). 
Experiment 2 Exploration and kinematics in the T-maze
MF and PBF spent most of their time in the Start box (71 ± 12% and 76 ± 12%, respectively, Fig. 3 ). The rest of the time, they were preferentially located in the reward zone near the congener (8 ± 7% and 11 ± 8%, respectively) or in the zone opposite to the reward zone (8 ± 7% and 7 ± 7%, respectively). There were no significant differences between MF and PBF in their presence in any tested zones.
During all trials, the observed fish spatial distributions were different from the theoretical homogeneous spatial distributions (D = 0.52, p < 0.01 for ZCong, OpCong and Start).
On average, MF had higher Dtot and Vel than PBF (1038 ± 385 mm, 0.08 ± 0.03 BL s −1 and 577 ± 168 mm, 0.05 ± 0.02 BL s −1 , respectively), but these differences were not significant. Vang did not differ significantly between MF (793 ± 120
• s −1 ) and PBF (887 ± 114 • s −1 ).
Learning performances
Both MF and PBF had a larger number of successful turns than of turns leading to task failure (Fig. 4) , but a significant 34.7 ± 6.1 41.5 ± 7.7 0.41 Na (mmol L −1 ) 161.2 ± 3.8 157.9 ± 1.9 0.43
83.8 ± 7.9 0.41 Hct (% PCV) 22.0 ± 2.4 24.0 ± 1.7 0.68 Hb (mmol L −1 ) 7 .5 ± 0.8 8 .2 ± 0.6 0.68 Cortisol (ng ml −1 ) 452.1 ± 122.5 343.9 ± 18.7 0.02*
Results are means ± standard error of the mean (SEM) of 10 fish for each treatment, * p < 0.05.
association between the two-dimensional object and the reward was found for only two out of 10 MF (100% successful turns, p = 0.01; 80% successful turns, p = 0.04, respectively) and one out of 10 PBF (85% successful turns, p < 0.01). The proportion of "no-choice" responses exceeded 60% for both fish categories (Fig. 4) . The time taken to reach the reward zone (latency) was between 5 and 335 s in MF and 3.8 and 372 s in PBF. This difference was not significant (F (15,3) = 3.8, p = 0.15).
Physiological variables
The only differences in physiological variables recorded between treatments (Table 2) were a higher base excess for MF and a lower HCO 3 and total CO 2 in MF than in PBF. Cortisol concentration was significantly lower in PBF than in MF. All of the tested individuals except for one PBF were male.
Discussion
The aim of this study was to assess the potential impact on behaviour of the change of a totally plant-based diet early in sea bass development. We carried out a first experiment comparing the learning process in self-feeding conditions between two fish categories (MF and PBF) and a second experiment in which we compared the behaviour, cognition and physiology of fish tested individually in a T-maze. The first experiment showed that the plant-based diet had no effect on self-feeding behaviour. The second showed that the plant-based diet induced a few behavioural, cognitive and physiological differences in fish faced with a challenge, such as a T-maze.
Self-feeding behaviour
Self-feeding behaviour did not differ between PBF and MF during the first 30 days, suggesting a lack of effect of the plantbased diet on feed-demand behaviour and growth performance over the study period. The sea bass in this experiment had not previously used the self-feeding apparatus, and triggering activity began two to three days after the start of the experiment, which is somewhat earlier than reported in previous studies (Rubio et al. 2004; Covès et al. 2006; Millot et al. 2008 ). This time lag is known to differ between devices of different design (Rubio et al. 2004 ) and between species. However, feeddemand was lower than reported in previous studies, reaching about 6 g kg −1 during the second 15-day period. As pointed out by Kohbara et al. (2003) , it takes time for food demand to reach satisfactory levels. The learning period was thus characterised by poor growth performance and, as previously reported by Millot et al. (2008) , many individuals had a negative SGR. No food wastage was observed in any of the tanks during this period. Sex ratios were similar for the two treatments, with more than 80% of males in each category, consistent with the findings of previous studies on sea bass (Saillant et al. 2003) . These results suggest that plant-based diets do not affect sex determination, unlike other environmental factors, such as temperature (Baroiller et al. 1999) , or social interactions (Shapiro 1980) .
Swimming activity and spatial distribution
Both differences and similarities in behaviour were found between MF and PBF. The distance travelled and mean velocity were higher in MF than in PBF, although these differences were not significant. Angular velocity was similar in M and PB fish, at a value close to that reported for a previous T-mazebased study (about 700
• s −1 , Benhaïm et al. unpublished data) indicating a lack of effect of plant-based diets on the complexity of the swimming path. The plant-based diet therefore does not seem to affect swimming activity dramatically.
We found that fish on both diets spent a large proportion of their time in the start box, whereas this was not the case in a similar study comparing wild and domesticated sea bass . This may reflect the higher levels of stress in our study, in which the fish were much larger than those used in the previous study and may, therefore, have been more difficult to handle. The fish remained motionless in the start box for a large proportion of the time, which resembles the characteristic "freezing behaviour" described for fish subjected to stressful events (Malavasi et al. 2004; Millot et al. 2009 ). Once out of this zone, both categories of fish spent most of their time in the zone located near the congener and in the area on the opposite side. These findings are consistent with those of a previous study and suggest that the plant-based diet had no impact on exploration behaviour.
Learning abilities
When fish left the start box, they preferentially moved toward the congener zone, making their first turns in this direction. This result seems to indicate that they were able to discriminate between two two-dimensional objects. However, a significant association between the two-dimensional object and the reward was only observed for a very small number of individuals from the two categories. The significance of the results could be limited by the high proportion of "no-choice" responses for fish of both categories.
The best learning criterion was the first turn performed by the fish. As Alves et al. (2007) previously reported, latency did not appear to be a pertinent indicator in our study, due to the large differences between individuals. Successful individuals also displayed anticipatory behaviour, as most were oriented toward the correct stimulus before the wall was removed. Behaviour of this type has also recently been reported for cod (Gadus morhua) (Nilsson et al. 2008) , in which it has been referred to as "goal tracking" (Siebeck et al. 2009 ). In our study, the fish that successfully completed the task clearly used a place strategy rather than a response strategy. In place strategies, animals learn to associate a given place with a reward (Dudchenko 2001; Gibson and Shettleworth 2005) while in response strategies, the animals find a goal through the use of a fixed sequence of actions (Restle 1957) . Previous studies have shown that fish make use of multiple spatial strategies very similar to those described in mammals and birds (Lopez et al. 1999 ), but that a particular strategy may be favoured by the conditions of an experiment (Restle 1957) .
The two categories of fish responded very similarly to the test. This indicates that a plant-based diet would not have a major effect on spatial orientation, such as place learning, in sea bass.
Physiological traits
Blood parameters determined after a single test in a T-maze were similar for both fish categories and were within the usual range of values for sea bass (Coeurdacier et al. 1997; Dosdat et al. 2003; Millot et al. 2008) . Only base excess, HCO 3 and total CO 2 differed significantly between categories, but the values obtained did not indicate any major physiological disturbance. Glucose and ion (Na + , Cl − and Ca 2+ ) levels were similar in the two categories of fish and did not indicate any secondary stress induced by the test procedure, because they were within the range of resting values for sea bass (Cerdá-Reverter et al. 1998; Peruzzi et al. 2005; Di Marco et al. 2008) . As already reported by Marino et al. (2001) , the brief handling of sea bass induces no significant changes in these plasma parameters. We can therefore assume that the protocol used in experiment 2 was mild enough to have no effect on these plasma parameters. By contrast, the exposure of the fish to the test procedure resulted in high cortisol concentrations in both categories of fish (∼450 ng ml −1 in MF and ∼340 ng ml −1 in PBF). Published cortisol concentrations for unstressed sea bass range from 15 to 133 ng ml −1 (Roche and Boge 1996; Cerdá-Reverter et al. 1998; Marino et al. 2001) , suggesting that the test procedure used here induced a rapid increase in the concentration of this hormone in the blood. The test procedure included acute handling of the fish, which typically elicits a cortisol response in many species (Schreck 1982; Barton 2000) . Moreover, the tested fish were subjected to isolation stress, which has also been shown to increase plasma cortisol concentration (Allen et al. 2009 ). These plasma cortisol concentrations probably indicate the development of an acute stress response in sea bass exposed to the protocol of experiment 2. This raises questions about the possible effects of this protocol on the comparison of behavioural responses between PBF and MF. Learning may also be impaired by such acute stress responses, as suggested by previous studies on rat in water mazes (Hölscher 1999 ) and on zebrafish (Danio rerio) in mazes (Gaikwad et al. 2011) . One unexpected result of this study was the significantly lower cortisol concentrations in stressed PBF compared with stressed MF. This finding suggests that one of the major consequences of the plant-based diet is a lower level of cortisol release by the kidneys in response to acute stress. Previous studies on sea bream showed that the replacement of dietary fish oil with vegetable oils (such as linseed oil, but not soybean oil) led to significantly higher plasma cortisol concentrations after acute stress , and significantly higher levels of cortisol release by the head kidney after adrenocorticotropic hormone (ACTH) stimulation (Ganga et al. 2011) . Similar results have also been shown in sunshine bass (Morone saxatilis) and cobia (Rachycentron canadum) fed reduced fish meal feeds (Laporte and Trushenski 2012; Trushenski et al. 2013) . The replacement of fish oil with vegetable oils devoid of LC-PUFA results in lower tissue concentrations of arachidonic acid, essential fatty acids and DHA (Ganga et al. 2011) . Several studies have shown that these fatty acids can modulate cortisol release in fish (Van Anholt et al. 2004) , although their mechanisms of action remain unclear (Ganga et al. 2006) . We found that the manipulation of sea bass (catching in a net and transferring to the T-maze for 15 min) led to acute stress, as indicated by the high cortisol concentrations in the plasma, although this cortisol response was weaker in fish fed a plantbased diet. Similar results have already been reported for sea bream in studies comparing animals fed linseed or soybean oil, with effects on cortisol release reported for linseed oil, but not for soybean oil (Ganga et al. 2011) . Ganga et al. (2011) suggested that differences in the ratio of n-3 to n-6 fatty acids in the head kidney might account for such differences. In the absence of information about the LC-PUFA (of the n-3 or n-6 series) content of the head kidney in our fish, it is difficult to explain the differences between our data for sea bass and those reported for sea bream. Further studies are therefore required to clarify the underlying mechanisms. In conclusion, our data clearly confirm that plant-based diets have a significant effect on the responsiveness of the hypothalamic-pituitary-interrenal (HPI) axis to acute stress, as already suggested in other fish species (see review by Montero and Izquierdo 2010) .
Conclusion
This study provides the first insight into the impact of the early introduction of a plant-based diet on sea bass behavioural traits and confirms the effect of this diet on cortisol release in response to stress. Interestingly, regarding the development potential of such sustainable aquaculture strategy, there were a lot of behavioural similarities between fish categories i.e., self-feeding behaviour, swimming activity and learning performances. Our findings for learning require confirmation by further studies with larger numbers of learning sessions and/or individuals and experiments designed to minimise stress and to make it possible to specify the spatial learning approach used (testing response vs. place learning). Our results for physiological traits, particularly cortisol concentrations indicate another impact of plant-based diets that is worthy of further study. Further studies carried out at an earlier stage, particularly during the transition from a marine to a plant-based diet, would also improve our understanding of the mechanisms underlying the differences in growth performance between fish fed a marine diet and fish fed a plant-based diet. Finally, we need to link behavioural, physiological and other traits, such as growth performance and survival, to confirm that sea bass fed a plantbased diet can really adapt to the challenges they are likely to face in their environment and that such diets are compatible with the welfare, quality and health of this species.
